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1. Introduction
Typhoons are considered one of the most power-
ful and devastating weather phenomena that cause 
severe and widespread damages such as loss of lives, 
economics, health, and habitats (e.g., Nishijima et al. 
2012; Staid et al. 2014; Takemi et al. 2016c; Kure 
et al. 2016; Chen et al. 2018; Guan et al. 2018). The 
typhoons form over the western North Pacific Ocean 
and are directed by the Pacific subtropical high- 
pressure system. Over the years, a large number of ty-
phoons originate over the western North Pacific region 
every year and a few of them were the most powerful, 
for example, Typhoon Vera (1959), Typhoon Mireille 
(1991), Typhoon Songda (2004), and Typhoon Haiyan 
(2013) and made landfall with strong winds and 
heavy precipitation (Oku et al. 2010; Mori et al. 2014; 
Takemi et al. 2016a, b; Kanada et al. 2017a). Such 
extreme typhoons strongly influence human lives, res-
idential houses and urban buildings, agriculture, and 
industries at local scales (e.g., Nishijima et al. 2012; 
Staid et al. 2014). So, an increasing number of studies 
have conducted high-resolution downscaling simula-
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tions (e.g., Lavender and Walsh 2011; Takemi et al. 
2016a; Nakamura et al. 2016; Kanada et al. 2017b) 
to assess the impacts of the destructive typhoons on 
natural disasters not only in the present climate but 
also under future climate scenarios. In a recent study, 
Takemi et al. (2016a) conducted numerical simu-
lations of Typhoon Mireille (1991) at 1 km spatial 
resolution in the present climate and under pseudo 
global warming (PGW) conditions. PGW conditions 
refer to the climate change components that are added 
to present analysis fields (Sato et al. 2007). Their re-
sults indicated that mean wind speeds induced by the 
typhoon are expected to be stronger in warmer climate 
conditions over Kyushu Island and weaker over the 
Tohoku region of Japan. In another study, Takemi 
et al. (2016b) investigated the influences of global 
warming on Typhoon Vera (1959) at 1-km grid resolu-
tion and highlighted that the intensity of the typhoon 
was stronger under PGW conditions. Multitudes of 
other studies such as Typhoon Songda (2004) (Ito 
et al. 2016), Typhoon Haiyan (2013) (Takayabu et al. 
2015), and Typhoon Chanthu (2016) (Kanada et al. 
2017a) also show stronger winds and/or heavy rainfall 
events in a warmer climate.
Recently, a typhoon, named as Lionrock (inter-
national number: 1610), had an unusual track and 
affected Japan, China, and Korean Peninsula during 
August 2016, with economic losses of about $325 
million USD and at least 550 lives (Aon Benfield 
2016). Based on the Regional Specialized Meteoro-
logical Center (RSMC), Tokyo’s best track datasets, 
Typhoon Lionrock formed in the southeast of the 
northwestern Pacific region, originated at (27N, 157E) 
on 17 August, 2016, and moved westward until 20 
August, then toward southwest until 26 August and 
intensified into a typhoon. Then, it moved toward the 
northeast and became a significant typhoon (See Fig. 
1a) and made landfall at the east coast of Japan on 
30 August. The maximum wind was observed as 90 
knots on 28 August with a minimum central pressure 
of 940 hPa. This typhoon was the first typhoon that 
hit from Pacific Ocean side of the Tohoku region of 
Japan among the records (since 1951) available at 
Japan Meteorological Agency (JMA). Moreover, this 
typhoon approached from the southeast (the only 
typhoon after Typhoon Mac in 1989), while most 
of the typhoons that made landfall over Japan came 
either from the southwest or south and moved toward 
the north.
According to recent studies (e.g., Sugi et al. 2002; 
Emanuel 2005; Knutson et al. 2010; Mendelsohn 
et al. 2012; Murakami et al. 2012; IPCC 2013, 2014; 
Yamada et al. 2017), the frequency and intensity 
of typhoons are expected to increase under future 
warmer climate over the northwest Pacific Ocean. The 
studies indicate that the typhoons will be more intense 
in future climate and become a severer threat to lives 
and properties (e.g., Staid et al. 2014; Mei and Xie 
2016). Therefore, to assess the impacts of threatening 
typhoons in future climate, high-resolution projection 
data with controlled typhoon track are necessary (e.g., 
Mori and Takemi 2016). Although simulating the ty-
phoon tracks under future climate has been a challeng-
ing issue due to their varied nature of genesis location 
Fig. 1. (a) Typhoon track adopted from RSMC Tokyo best track figures; (b) model domain with three nests (d03 
at 1 km; d02 at 3 km; and d01 at 9 km grid spacing).
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and intensity, several studies, such as mentioned 
earlier (e.g., Oku et al. 2010; Takayabu et al. 2015; 
Takemi et al. 2016a, b; Kanada et al. 2017a), have 
conducted very high-resolution simulations of several 
devastating typhoons that made landfall over Japan 
mainly for the purpose of impact assessment over the 
typhoon-affected regions in present and future climate. 
However, few studies have been conducted to provide 
very-high-resolution downscaling experiments of 
typhoons that affected the higher-latitude regions, 
i.e., the northern part of Japan. Ito et al. (2016) and 
Kanada et al. (2017a) examined the impacts of global 
warming on extreme typhoons, i.e., Typhoon Songda 
(2004) and Typhoon Chanthu (2016), respectively, 
which spawned severe disasters in the northern part 
of Japan. It is very important to investigate various 
types of typhoons in order to reveal robust features of 
typhoon hazards under global warming. In this sense, 
Typhoon Lionrock (2016) should add new insights to 
the impact assessment of typhoon hazards, because 
the typhoon with a rare track and landfall location 
spawned extreme precipitation in the northern part of 
Japan.
Thus, we attempted to perform dynamical down-
scaling simulations of Typhoon Lionrock (2016) at 1 
km grid resolution for a target region in the northern 
part of Japan by using the Weather Research and 
Forecasting (WRF) model. We will discuss: (1) the 
typhoon track and intensity of Typhoon Lionrock and 
the associated wind speed and precipitation amount in 
the target region after landfall; (2) the typhoon’s re-
sponse to the climate change under PGW conditions.
The next section describes the model setup and its 
configuration. The subsequent sections present the 
results and related discussions.
2.  Model configuration
2.1 Model setup
The Advanced Research Weather Research and 
Forecasting (WRF) (WRF-ARW) version 3.8.1 
(Skamarock et al. 2008) is configured with three 
nested domains (See Fig. 1b). The parent domain, 
having the horizontal resolution of 9 km, covers the 
Japanese islands and the westernmost part of the 
North Pacific Ocean; the inner middle domain with 
the resolution of 3 km covers whole Japan; and the 
innermost domain with the resolution of 1 km covers 
the target region of our study, i.e., the northern part of 
Japan. Two-way nesting was used for the interaction 
between the parent and the inner domain. To incorpo-
rate the synoptic-scale influences in the outer domain, 
we used spectral nudging technique with five wave 
number in the x and y directions. The physics parame-
terizations used in the model include the Kain-Fritsch 
cumulus scheme (Kain and Fritsch 1993), the WRF 
single moment 6-class (WSM6) microphysics scheme 
(Hong and Lim 2006), and the Yonsei University 
(YSU) planetary boundary scheme (Hong et al. 2006). 
All the domains are comprised of 28 vertical levels 
with the model top at 10 hPa. An overview of the 
model configuration is given in Table 1.
2.2 Data
Either the European Centre for Medium-Range 
Weather Forecasts (ECMWF) Reanalysis (ERA-Inter-
im) with a resolution of 0.75 degrees (Dee et al. 2011) 
or the 55-year Japanese Reanalysis (JRA-55) with 
a resolution of 1.25 degrees (Kobayashi et al. 2015) 
are imposed to the model as the initial and boundary 
conditions at 6-hour interval. The National Centers for 
Environmental Prediction (NCEP) Real Time Global 
(RTG) sea surface temperature (SST) with a resolution 
of 0.5 degrees (http://polar.ncep.noaa.gov/sst/) was 
used to provide the SST to the model when driven 
by ERA-Interim data. The brightness temperature in 
two-dimensional instantaneous diagnostic fields (1.25 
degrees) is used as SST for JRA-55 (Kobayashi et al. 
2015). Results of the typhoon track, intensity, and 
wind speed are compared with the RSMC best track 
datasets, and the precipitation amounts in the target 
region validated against Automated Meteorological 
Data Acquisition System (AMeDAS) station obser-
vations, and Radar-AMeDAS analyzed precipitation 
Table 1. Overview of the model setup and configuration used in 
this study.
Dynamics Non-hydrostatics
Domain size 130 – 170E, 20 – 50N, 130 – 150E, 21 – 45N, 
138 – 146E, 37 – 45N
Simulation period 00 UTC 26 August 2016
  – 00 UTC 31 August 2016
Grid resolution 9 km, 3 km, 1 km
Map projection Lambert
Time step 30 seconds
Vertical level 28
Microphysics WSM 6-class scheme (Hong and Lim 2006)
Cumulus scheme Kain-Fritsch new Eta scheme 
(Kain and Fritsch 1993)
PBL scheme YSU scheme (Hong et al. 2006)
Radiation scheme Rapid Radiative Transfer Model (RRTM) scheme (Mlawer et al. 1997)
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datasets. The warming increment data for SST, three- 
dimensional geopotential surface, and three-dimen-
sional air temperature are obtained from the monthly 
averages of 25-year mean difference between the 
present-day simulation (1979 – 2003) and the future 
projection (2075 – 2099). The climate data are obtained 
from the 20 km-resolution MRI-AGCM3.2 climate 
simulations with the RCP-8.5 scenario (Mizuta et al. 
2012, 2014).
2.3 Numerical experiments
We first conducted two numerical experiments, 
one experiment with JRA-55 and another experiment 
with ERA-Interim, to check that the suitability of the 
reanalysis data in representing the typhoon features. It 
is worth mentioning that maintaining typhoon tracks 
both in the actual and a future climate condition is 
necessary for assessing future impacts of a typhoon 
over a specific region (Takemi et al. 2016a, b; Mori 
and Takemi 2016). Thus, we have conducted a number 
of sensitivity experiments on the domain, physics, and 
nudging to capture the actual track of the typhoon (not 
shown here). Finally, we conducted another numerical 
simulation with WRF under PGW conditions, called 
PGW experiment. The PGW experiment method was 
first introduced by Sato et al. (2007) who demonstrat-
ed a simulation approach by adding global warming 
increments to the reanalysis. In our study, we added 
the warming increment data of SST, geopotential, 
and temperature to the JRA-55, which is found to be 
better compared to ERA-Interim (discussed in the 
results section) to perform the PGW experiment. The 
selection of warming increment fields is based on 
the previous studies of Ito et al. (2016); Takemi et al. 
(2016a, b); Kanada et al. (2017a). In all the three 
simulations, the model was initialized at 00 UTC of 
26 August, 2016 and integrated till 00 UTC of 31 
August, 2016.
3. The typhoon features in the present climate
We first compared the track and intensity of the 
typhoons represented in the reanalysis data with the 
RSMC best track datasets. The typhoon tracks are 
obtained through the minimum sea level pressure 
at 6-hours interval. The typhoon tracks in both the 
reanalysis dataset (JRA-55 and ERA-Interim) overall 
agree well with the best track, but the landfall loca-
tions differ by 1 – 2° in latitude (Fig. 2a). The central 
pressure of the typhoon in the reanalysis data was 
found to be weaker by ~ 40 hPa at the time of the 
maximum intensity and continued to be weaker until 
the typhoon made landfall (Fig. 3a). The maximum 
Fig. 2. Typhoon track from (a) reanalysis dataset; and (b) model simulations; and RSMC Tokyo best track data. 
Black color shows the tracks for RSMC, green for ERA-Interim, blue for JRA-55, and red for JRA-55 under 
PGW.
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wind speed was also found to be weaker by about 
~ 40 knots (Fig. 3c). However, the downscaled simu-
lations with the WRF model reproduced a significant 
improvement in the track and intensity of the typhoon 
with respect to the original reanalysis datasets.
3.1 Track and intensity
The typhoon track in the WRF simulation with 
either JRA-55 or ERA-Interim being given is consis-
tent with the RSMC best track data, especially at the 
landfall region (Fig. 2b). The landfall timing in the 
model simulation with JRA-55 closely matched with 
the RMSC best track, while that with ERA-Interim 
is delayed by 3 hours. The wind speed and central 
pressure are well captured by the WRF model with 
JRA-55 with some variations (Figs. 3b, d). In both the 
simulations, the typhoon made landfall over Okirai 
Bay area in Iwate Prefecture of Japan with the central 
pressure in between 950 – 970 hPa and the wind speed 
of 60 – 75 knots. These agree well with the RSMC 
Fig. 3. Same a Fig. 2, but with central pressure (a – b); wind speed (c – d); translation speed (e – f). Translation 
speeds are computed from ± 6 hours typhoon location.
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Tokyo best track (which showed 965 hPa central pres-
sure and 65 knots wind speed around the same bay 
area). The maximum wind speed and minimum central 
pressure of this typhoon were found to be 90 knots and 
940 hPa, respectively, in the model simulation with 
JRA-55, which indicates favorable results compared 
with RSMC. However, the simulation with JRA-55 
showed stronger winds and lower central pressures 
even after the landfall of the typhoon. On the other 
hand, the simulation with ERA-Interim showed the 
maximum wind of 70 knots and the minimum central 
pressure of 960 hPa. After making landfall, the tracks 
in both simulations diverted slightly northward and hit 
the southern part of Hokkaido. The translation speed 
of the typhoon was computed from each simulation at 
a 6-hour interval from ± 6 hours typhoon location and 
shown in Figs. 3e and 3f. It shows that the translation 
speed of the typhoon in the simulation with ERA- 
Interim was slower compared to that of JRA-55 es-
pecially from the day before landfall. This could be a 
reason for the delayed landfall of the typhoon in the 
simulation with ERA-Interim.
The wind fields at the 850 hPa level during the 
passage of the typhoon over the Tohoku region are 
shown in Fig. 4. The simulation with JRA-55 repro-
duced stronger winds of more than 90 knots over 
wider areas during the passage of the typhoon, while 
the simulation with ERA-Interim shows stronger 
winds of more than 90 knots over comparatively 
smaller areas. This feature is consistent with the com-
parison of the surface wind speeds (Fig. 3d); the wind 
speed in the simulation with ERA-Interim is overall 
weaker than that in the others. The reduced winds 
represented in the simulation negatively affect the 
assessment of hazards at local scales.
3.2 Rainfall
Figure 5 shows the spatial distribution of precipita-
tion amounts during the passage of the simulated ty-
phoons over the Tohoku region. The rainfall amounts 
over the landfall region and its surroundings are well 
represented in both the simulations at the time of 
landfall and after landfall. The precipitation amount 
over the landfall region is slightly underestimated in 
the simulation with JRA-55, while the same is slightly 
overestimated in the simulation with ERA-Interim. 
The results indicate that the landfall region (Iwate 
Prefecture) including the surrounding areas in the 
Miyagi, Aomori, and Hokkaido prefectures experi-
enced a heavy precipitation of greater than 50 mm h−1. 
These results are consistent with the Radar-AMeDAS 
observation datasets.
The 12-hours and 24-hours accumulated precipita-
tion amounts in the model simulations with JRA-55 as 
well as ERA-Interim during the landfall show a good 
agreement with the observation (Fig. 6). The 12-hours 
(24-hours) accumulated precipitation amount refers 
to the sum of ± 6 hours (± 12 hours) precipitation 
amount from the landfall time i.e., when the typhoon 
was active over the region. The model captured 
the 24-hours accumulated precipitation amounts of 
greater than 100 mm over the landfall region (Iwate 
Prefecture) and also over the surrounding regions 
with a maximum amount of 300 mm over central 
Hokkaido, which follows the observed amount over 
those regions. The model underestimated the precipi-
tation amount over some regions of the domain (e.g., 
Aomori) and overestimated over some areas (e.g., 
the Okirai Bay area). The reason could be due to the 
deviation of the typhoon track before and after land-
fall. The observation shows a moderate precipitation 
amount over the Miyagi and Yamagata prefectures 
during the passage of typhoon, which is well captured 
by the model with JRA-55, although overestimated in 
some areas. On the other hand, the simulations with 
ERA-Interim significantly underestimate the rainfall 
over the Fukushima and Yamagata prefectures. Over-
all, the accumulated precipitation amount over the 
land regions shown in the figure is well captured in 
the model simulation with JRA-55 especially over the 
Tohoku region.
We next compared the simulated precipitation 
amounts at the grid points corresponding to 302 
AMeDAS observation stations (Fig. 7). The observed 
results indicate that the Iwate, Aomori, and Miyagi 
prefectures received heavy rainfall amount (area 
averaged value > 50 mm) on the day of landfall. 
Yamagata, southern Hokkaido, and Fukushima also 
received ~ 35 mm precipitation during the passage of 
the typhoon. Both the simulations also show similar 
results, but with some variations (Fig. 8). The simula-
tion with JRA-55 captured favorably averaged hourly 
rainfall amounts over Aomori, the southern areas of 
Hokkaido, Iwate, Yamagata, and Miyagi, while the 
simulations with ERA-Interim reproduced averaged 
hourly rainfall over few prefectures with nearly 3 
hours delay (Fig. 9). Similar to averaged hourly 
precipitations, the maximum hourly precipitation 
was also well represented by the model with JRA-55 
compared to that with ERA-Interim (Fig. 10). The 
maximum hourly precipitation refers to the maximum 
rainfall amount at a particular hour over a region. All 
the above results indicate that the typhoon features are 
captured better in the simulation driven by JRA-55 
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than that by ERA-Interim.
Based on the results of the WRF simulations down-
scaled from JRA-55 and ERA-Interim, we decided 
to conduct PGW experiments with WRF downscaled 
from JRA-55. Next, we analyzed the PGW experi-
ments with WRF driven by JRA-55 after adding the 
warming increment data to the reanalysis fields.
4.  Impact of Typhoon Lionrock under PGW  
condition
The track, central pressure, wind speed, and the 
translation speed of the typhoon in the present climate 
Fig. 4. Wind fields at the 850 hPa level during the passage of typhoon from the model simulation with ERA- 
Interim (1st row); model simulation with JRA-55 (middle row); and model simulation with JRA-55 under PGW 
(third row). The wind speed is indicated in knots.
Journal of the Meteorological Society of Japan Vol. 97, No. 176
Fig. 5. Precipitation distribution during the passage of the Typhoon Lionrock from (a) Radar-AMeDAS; (b)WRF 
simulation with ERA-Interim; (c) WRF simulation with JRA-55; (d) WRF simulation with JRA-55 under PGW. 
Dates and times of the precipitation are indicated over each figure.
S. NAYAK and T. TAKEMIFebruary 2019 77
and the future climate are shown in Figs. 2b, 3b, 3d, 
and 3f respectively. It is shown that under PGW, the 
track remained unchanged, while the wind speed 
became stronger, the central pressure became lower, 
and the translation speed became faster, indicating the 
severity of the typhoon under the PGW condition. The 
typhoon track under PGW hit Japan at the same point 
as it was seen in present climate.
4.1 Intensity
The central pressure of Typhoon Lionrock is 
projected to become stronger up to 920 hPa in the 
warming climate, while it is 940 hPa in the present 
climate (Fig. 3b). The central pressure under PGW at 
the initial simulated time of 00UTC 26 August 2016 
is 992 hPa, which is close to that in present climate 
(which is 995 hPa). However, the central pressure of 
the typhoon under PGW becomes stronger after 12 
Fig. 6. 24-hours and 12-hours accumulated precipitation from (a, e) Radar-AMeDAS; (b, f) model simulation 
with ERA-Interim; (c, g) model simulation with JRA-55; and (d, h) model simulation with JRA-55 under PGW. 
Bottom two figures (i, j) shows the future change under PGW (PGW-Present) in 24hours and 12hours. The 12- 
hours (24-hours) accumulated rainfall corresponds to the sum of ± 6 hours (± 12 hours) precipitation amount 
from the landfall time of typhoon.
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hours and reaches at ~ 920 hPa at 06UTC 28 August 
2016 and continues until it makes landfall (until 00 
UTC 30 August 2016). Figure 3d represents the wind 
at the 10 m height in the present climate and under 
PGW conditions. It is clearly shown that the wind 
speed of the typhoon is increased by ~ 10 knots at the 
time of landfall under PGW conditions. The transla-
tion speed of the typhoon under PGW is also increased 
by about 10 m s−1 from the day before its landfall. The 
spatial distribution of the wind at 850 hPa during the 
landfall under PGW is shown in Fig. 4. It also indi-
cates that the wind speed is increased not only at the 
landfall region but also over the surrounding prefec-
tures as well as over the ocean basins. The two days 
(29 – 30 August) mean wind speed at 850 hPa also 
shows an increase of wind speed over northern Japan 
(Fig. 11). The increased winds may cause storm surge 
damage (e.g., Farfan et al. 2014) to the coastal Tohoku 
region under future climate. The increase of wind 
speed under future climates was also identified in the 
previous studies (e.g., Mei and Xie 2016; Takemi et al. 
2016b), which highlighted the future increase of wind 
speed for other typhoons. We find that Typhoon Lion-
rock under PGW will approach faster by about 6 hours 
and pass the Tohoku region more quickly, probably 
Fig. 8. 24-hours (a) and 12-hours (b) accumulated rainfall over each prefecture during the passage of the typhoon 
as described in Fig. 6.
Fig. 7. Location of the 302 AMeDAS observation 
stations at which the precipitations are analyzed 
quantitatively during the passage of typhoon
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Fig. 9. Averaged hourly precipitation on the day of landfall over each prefecture from AMeDAS station observa-
tions (black);(b) model simulation with ERA-Interim (green); model simulation with JRA-55 (blue); and model 
simulation with JRA-55 under PGW (red).
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Fig. 10. Same as Fig. 9, but for maximum hourly precipitation. It corresponds to the maximum rainfall amount 
at a particular hour over a region.
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due to faster translation speed of the typhoon under 
PGW conditions (Fig. 3f). Our findings of increased 
wind speed are different from previous studies (e.g., 
Takemi et al. 2016a; Ito et al. 2016), which showed 
that the wind speeds of Typhoon Mireille (1991) and 
Typhoon Songda (2004) weakened over the northern 
part of Japan under PGW conditions. We speculate the 
reason could be associated with the approaching direc-
tion of the typhoon and the location. Typhoon Mireille 
(1991) and Typhoon Songda (2004) approached from 
the southwest over the Sea of Japan, while Typhoon 
Lionrock (2016) approached from the southeast over 
the Pacific Ocean.
4.2 Rainfall
The future changes in the precipitation during the 
landfall of the typhoon are shown in Figs. 6 and 8. 
The precipitation amounts associated with Typhoon 
Lionrock are found to be increased under PGW condi-
tions over all prefectures. The 24-hours and 12-hours 
accumulated rainfalls are also found to be increased 
by ~ 70 mm over some areas of Hokkaido, Iwate, 
Aomori, Miyagi and Akita regions (Fig. 6). The 
increase of precipitation over Hokkaido region in 
warming climate is also highlighted in Kanada et al. 
(2017a) due to passage of Typhoon Chanthu (2016). 
We quantified the 24-hours and 12-hours total precip-
itation amounts averaged over each prefecture under 
PGW condition at 302 AMeDAS stations, which are 
shown in Fig. 8. We find that the precipitation amount 
associated with the typhoon is increased over entire 
Tohoku region in future climate. Iwate, Aomori, 
Akita, and Miyagi are projected to experience more 
precipitation (> 20 mm) under PGW condition, indi-
cating an increased risk of flooding over these regions. 
The changes in hourly precipitations under warming 
climate is also noticed to be doubled over Aomori, 
Iwate, Akita, and Miyagi prefectures (Fig. 9) with 
maximum hourly precipitation amount of 50 – 90 
mm at some station points (Fig. 10). It is worthy to 
mention that the total precipitation amount over the 
target region may be different (less or more) in future 
climate due to the shorter passage time of future 
typhoon because of its faster translation speed. But 
this is unclear and dependent on other factors, e.g., ty-
phoon size of future typhoon, because larger typhoons 
may continue rain for a longer time as it has a large 
radius of a gale-force wind. However, this could be on 
another research and kept outside of this study.
5. Discussion and conclusions
In this study, by using the WRF model driven by 
two reanalysis datasets, JRA-55 and ERA-Interim, we 
performed dynamical downscaling simulations of a 
typhoon, which had an unusual track in the recorded 
history of JMA. Our results indicate that the WRF 
forced by JRA-55 reproduced the features of Typhoon 
Lionrock (2016) better than that forced by ERA- 
Interim. We found that the typhoon track was well 
captured by the model, especially the landfall region. 
The landfall time (i.e., 09 UTC 30 August 2016) 
was accurately captured in the simulation with JRA-
55, while the landfall time was delayed by 3 hours 
in the case of ERA-Interim (landfall at 12 UTC 30 
August 2016). The delayed landfall by the model with 
ERA-Interim could be associated with the translation 
Fig. 11. Two days (29 – 30 August) mean wind at 850 hPa in present climate and under PGW.
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speed, which was determined by the steering flow 
during the movement of the typhoon. To understand 
the mechanism, we analyzed the wind steering at 
500 hPa on 29 August 2016 and 30 August 2016. 
This is shown in Fig. 12. It clearly indicates that the 
typhoon in the simulation with ERA-Interim moved 
slowly compared to that of JRA-55. The location of 
the typhoon in both simulations shows nearly at (31N, 
142E) in the steering wind on 29 August. However, 
on 30 August, the location of the typhoon in the 
simulation with JRA-55 was found at a higher latitude 
compared to that of ERA-Interim (about 2° higher in 
the case of JRA-55). Although initial position, central 
pressure and wind speed were closely the same in 
the both reanalysis datasets, i.e., JRA-55 and ERA- 
Interim, the central pressure remained higher and wind 
speed continued weaker until the landfall compared 
to the observation in the case of ERA-Interim (Figs. 
3b, d). Previous studies (e.g., Islam et al. 2015; Parker 
et al. 2017) also documented that the WRF simulation 
with ERA-Interim data underestimated the strength of 
tropical cyclones. In the case of JRA-55, the central 
pressure and wind speed had a good agreement after 
about 2 days of simulation and then followed the best 
track observations. Our results also indicated that 
precipitation amounts over the landfall region are 
well represented in the model simulations and closely 
followed the Radar-AMeDAS observations. Overall 
analysis from the simulations of the actual typhoon, 
we find that the model with JRA-55 represent the fea-
tures of Typhoon Lionrock better than the model with 
ERA-Interim.
We next examined the impacts of Typhoon Lion-
rock under future climate by conducting PGW exper-
iments using JRA-55. We found a resembled typhoon 
track with stronger wind speed (by ~ 20 knots), lower 
central pressure (by ~ 20 hPa), and faster translation 
speed (by ~ 1 m s−1) under PGW. Takemi et al. (2016b) 
also reported an increase in wind speed and decrease 
in central pressure for Typhoon Vera (1959) under 
PGW. The steering wind at 500 hPa also showed that 
the typhoon under PGW moved faster compared to 
that in present climate (Fig. 12) and made an earlier 
landfall by ~ 6 hours. This can be seen from the 
location of the typhoon in Fig. 12. The location of the 
typhoon shows nearly at (31N, 142E) in the steering 
wind on 29 August in present as well as in future 
climate. However, on 30 August, the location of the 
typhoon is found nearly at (40N, 142E) in present, 
which is nearly at (42N, 140E) in future climate. The 
reason of stronger intensity of the typhoon in warming 
climate could be associated with the increase in SST 
and atmospheric moisture content (Mousavi et al. 
2009; Takemi et al. 2012; Camargo et al. 2013; Lin 
et al. 2014; Mei et al. 2015; Mei and Xie 2016; Parker 
et al. 2018). The SST and surface water vapor in pres-
ent climate and those under PGW are shown in Fig. 
13. It clearly indicates an increase of SST (Fig. 13a) 
and surface water vapor as well (Fig. 13b). Increase 
of SST enhances surface water vapor fluxes from the 
ocean surface. This considerable increase was equiva-
lent to potential temperature (Črnivec et al. 2016) and 
the buoyancy in the atmosphere (Seeley and Romps 
2015). As a result, the rate of radial gradient of diabat-
ic heating increased and led to stronger overturning 
circulation in the low to middle troposphere above the 
boundary layer. As a consequence, the radial import 
of absolute angular momentum surfaces becomes 
stronger, leading to faster spin up and making stronger 
the typhoon intensity (Črnivec et al. 2016). We also 
analyzed the vertical profile of water vapor in the 
present and future climates and found an increase of 
water vapor at each pressure level under PGW, which 
was gradually decreased from the surface (Fig. 13c). 
This implies that the water vapor in the future climate 
is increased not only at the surface but also at an upper 
layer. The increased moisture at the upper layer is in 
general favorable for the development of sustained 
convection (Takemi et al. 2004; Unuma and Takemi 
2016), and could feed more moisture to the typhoon 
and make it stronger in the future climate.
We further found that the precipitation associated 
with Typhoon Lionrock was increased significantly 
under PGW compared to that in the present climate. 
We found that the rainfall amount during the passage 
of typhoon was increased by more than 20 mm over 
the Akita, Aomori, Iwate, and Hokkaido prefectures. 
The increase of precipitation intensitied over Japan 
under a warming climate was reported in many studies 
(e.g., Nayak and Dairaku 2016; Yamada et al. 2017; 
Nayak et al. 2018). The reason could be due to the 
increase of water vapor under warmer air temperature 
according to the Clausius-Clapeyron relationship, 
which is expected to increase at a rate of ~ 7 % per 
each degree rise in temperature (Trenberth 2003). In-
crease of SST under PGW conditions could be another 
cause for the increase of precipitation associated with 
the typhoon in future climate. Lin et al. (2015) report-
ed that a 3°C increase in SST may increase the rainfall 
associated by tropical cyclone by ~ 22.5 %. Our 
study shows about 5°C increase of SST over northern 
Japan in the future climate (Fig. 13a). This may lead 
to increase in moisture availability in the warming 
climate (nearly 4 g kg−1 increase at surface, Fig. 13b) 
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and hence, stronger convective instability (Kanada 
et al. 2017a). This may lead to produce more precip-
itation over the Tohoku region in the future climate. 
To further understand the mechanism for the increase 
in precipitation intensity under PGW, we analyzed 
convective available potential energy (CAPE) on the 
day before the landfall (i.e., 29 August) in the present 
climate and the future climate. We identified that the 
CAPE under PGW conditions corresponded to higher 
values (> 2000 J Kg−1) on the day before the landfall, 
while the same in present climate corresponded to 
~ 800 J Kg−1 (Fig. 14). This implies that the CAPE 
Fig. 12. Wind steering at 500 hPa on 06 UTC of 29 August 2016 (1st column); 06 UTC of 30 August 2016 (2nd 
column); and their differences (3rd column). 1st row corresponds the results from the simulation with ERA- 
Interim, 2nd and 3rd rows correspond the results from the simulations with JRA-55 and JRA-55 under PGW 
respectively. The arrows indicate the direction and location of the typhoon traveled during 06 UTC of 29 August to 
06 UTC of 30 August.
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under PGW condition is expected to be significantly 
higher compared to that in the present climate, indi-
cating more amount of energy will be available for 
convection under PGW. This may also lead to more 
precipitation in the future climate. We speculate the 
CAPE may be increased due to the increase of specific 
humidity because the comparison between specific 
humidity and CAPE (Figs. 13, 14) showed a good 
correlation in increasing the water vapor and that of 
CAPE. Closer investigation indicates that the CAPE 
under PGW conditions was higher over the Aomori, 
Iwate, and Hokkaido prefectures. This could be a 
reason of increased precipitation over the northern 
part of the Japan in future climate (Figs. 14, 6). It is 
worthy to mention that the time difference between 
the CAPE in the present and the future climate should 
be the same with the difference in landfall timings 
of the typhoon in the present and the future climate. 
Fig. 13. (a) Two days mean SST; (b) two days mean specific humidity at 2 m; and (c) vertical profile of two 
days domain (domain-3) mean. The two days correspond to 29 August 2016 and 30 August 2016. Domain-3 
corresponds to the innermost domain of our study (i.e., 138 – 146E, 37 – 45N).
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However, we find that the time difference between the 
CAPE in the present and the future climate is 2 hours, 
whereas the time difference between the landfall 
timing of the typhoon in the present and the future 
climate is noted as 6 hours. This four-hour variation 
between the time differences of CAPE and landfall 
of typhoon in two climate periods could be due to the 
faster movement of the typhoon in the future climate.
The present study overall demonstrated that the 
downscaled simulations with WRF model reproduced 
a significant improvement in the track and intensity 
of the typhoon with respect to the original reanalysis 
datasets and the downscaled precipitations over the 
landfall region in the present climate condition and 
agree well with the observations. The typhoon is 
projected to be stronger and more powerful under 
future warm climate. It is expected to produce more 
precipitation over Hokkaido and the entire Tohoku 
region in warming climate. The study suggests that 
the typhoons under PGW condition may increase the 
risk of flooding, damages to infrastructures, and lives 
along the typhoon track. However, to reveal the robust 
features of typhoon hazards under global warming, 
we would like to further analyze the other type of 
devastating typhoons that made landfall over northern 
Japan.
Fig. 14. CAPE on the day before of the typhoon made landfall from the model simulation with JRA-55 (top 
row); and JRA-55 under PGW (bottom row). Dates and times of the precipitation are indicated over each 
figure. The CAPE is indicated in J Kg−1.
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